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Sooty blotch and flyspeck (SBFS), a disease complex caused by numerous fungal species, impacts pome fruit production in humid regions worldwide (4, 5, 18, 21, 35, 58, 60) . Although the disease is limited to waxy cuticles and does little damage to trees or fruit, the blemishes it causes can substantially decrease apple fruit quality and, therefore, value. In the eastern production regions of the United States, growers generally apply from 30 to 50% of a season's fungicides, usually from four to eight applications, to manage a set of summer diseases, including SBFS, black rot (Botryosphaeria obtusa (Schwein.) Shoemaker), bitter rot (Glomerella cingulata (Stoneman) Spauld. & H. Schrenk), white rot or bot rot (B. dothidea (Moug.) Ces. & De Not.), Brooks fruit spot (Mycosphaerella pomi (Pass.) Lindau), and Alternaria blotch (Alternaria mali Roberts) (54) . SBFS is the only consistent summer disease problem in northern regions such as New England but the other diseases become increasingly important going from north to south.
Calendar-based management programs of applications at 1-to 3-week intervals for SBFS are common because the etiology and epidemiology of the disease are not well understood. However, this prophylactic approach may result in over-application of fungicides or, in some years, result in late-season outbreaks of disease, the result of unprotected late-season infections arising because fungicide applications are stopped too soon or there is unusually frequent or abundant late-season precipitation (45, 46) . To better time fungicide sprays, several SBFS risk forecast models have been developed (3, 11, 16, 25, 43, 55) . These SBFS models are empirical, built by identifying environmental variables that best predict the first appearance of signs on unprotected apple fruit. They measure accumulated leaf wetness duration in hours (LWD) as the primary parameter, except in the upper midwestern United States, where periods of relative humidity (RH) ≥97% have been determined to be a more accurate predictor (16) . LWD is measured from a biofix, usually at or near the time of flower petal fall (PF). When a critical LWD value is reached, a fungicide spray is recommended in order to prevent, eradicate, or temporarily stop disease development (43) . As a result, one to four fungicide applications that would normally be made during the weeks after PF on a calendar schedule may be eliminated without sacrificing disease control. Some models also evaluate risk of subsequent infections (33, 43, 55) .
Beyond this general format of SBFS risk forecast models, there is considerable variability in the way each model is constructed and applied. A comparison of different SBFS models used in the eastern United States shows they may differ in terms of biofix, the LWD used to predict the first appearance of signs, the criteria for determining LWD, and recommended treatment (Table 1 ). In addition, users may obtain weather data for use with the models in several ways, including on-site mechanical recorders, electronic weather stations, or web-based remote weather services (39, 53) . Leaf wetness (LW), in particular, varies widely depending on which weather-monitoring method is used and how it is employed (22) , yet little attention has been given to matching weather monitoring methods to particular models, which may lead to inappropriate use of SBFS models. In this review, our purpose is to outline the extent of variation between various SBFS models, demonstrate how this variability may impact management decisions, and suggest ways that the models may be improved and more effectively used.
SBFS forecast models. The first SBFS forecast model. Brown and Sutton developed the first SBFS model in North Carolina, taking weather data from 1987 to 1994 and comparing it with the first appearance of SBFS on fruit of unsprayed 'Golden Delicious' trees (11) . They estimated a predictor for the first appearance of SBFS signs of 273 LWD measured from 10 days after PF, with only those wetting periods that were 4 h or longer counted. Over the 7 years evaluated, SBFS first appeared between 209 and 310 LWD. Based on this finding, they recommended applying a benzimidazole fungicide, such as benomyl (Benlate) or thiophanate methyl (Topsin M), at a treatment threshold of 200 to 225 LWD to eradicate SBFS.
To measure LW, Brown and Sutton used a device based on a cotton fiber string, a de Wit LW meter (I. F. G. de Wit, Roden, The Netherlands). The device was placed on the north side of an apple tree, inside the drip line, 1.5 m above the ground. Brown and Sutton said a deflection of 50% or more of the pen on the recording chart indicated LW (10). They concluded that "…the threshold that we have established with the de Wit sensor may have to be modified if other sensors are used", and noted that an adaptation of their model in Kentucky using an electronic sensor worked using a lower threshold. From the outset, it was noted that using an electronic sensor with a forecast model developed using a mechanical sensor like the de Wit can be problematic.
Revising the North Carolina model. Hartman and Smigell tested the Brown/Sutton model in Kentucky and adjusted the treatment threshold to work with an electronic LW sensor (25, 49, 50) . They adapted a technique first used to study SBFS by Hickey et al. (27) , wherein fruit are covered by bags for varying periods during the season to determine when fruit were first infected by SBFS. At regular time intervals of approximately 1 week, fruit were arbitrarily bagged. Fruit bagged before 175 LWD measured from 10 days after PF did not develop SBFS. Based on this, the researchers recommended a 175-LWD treatment threshold. In addition to reducing LWD, the revised model counted all wetting hours. Using the revised model, Hartman effectively controlled SBFS in trials, saving between two to four fungicide applications relative to calendarbased prophylactic sprays. This Hartman/Smigell revision of the Brown/Sutton model was tested in three states in the upper midwestern United States in 2001-02 in both university trials and commercial orchards (3, 20) .
In addition to testing the relative efficacy and application efficiency of the forecast model versus conventional cover sprays, the study compared on-site weather measurement with site-specific remote estimates supplied by SkyBit (ZedX Inc., Bellefonte, PA) (23, 47) . The blocks sprayed using model recommendations generally required fewer fungicide applications than the blocks sprayed on a calendar basis but the model-managed plots often had significantly higher incidence of SBFS. The study found that SkyBit overestimated LW relative to electronic sensors placed in apple canopies, meaning that the treatment threshold was reached sooner in SkyBit blocks.
Gleason and colleagues (6, 16) suggested that, during the growing season, the midwestern United States is significantly drier than the southeastern United States. Therefore, while rain events provide the bulk of the leaf wetting periods measured in the southeastern United States, high humidity and dew provide most of the LWD recorded in Iowa and Wisconsin. After examining other possible weather variables, these researchers found that accumulated periods of RH ≥97% provided better forecasts than LWD in the midwestern United States, though the same study confirmed that LWD performed better than humidity in the southeastern United States.
Adaptation of the North Carolina model to the northeastern United States. In the northeastern United States, Rosenberger developed an SBFS forecast model that was based on the Brown/Sutton model and incorporated fungicide depletion (43). Rosenberger's model computes the timings for both the first summer fungicide and later fungicides, and was based on using a string-activated wetness sensor in the same way as described for the Brown/Sutton model. According to the model, the first fungicide targeting SBFS should be applied at 270 LWD from PF (rather than PF + 10 as in the Brown/Sutton model); subsequent fungicides should be applied so as to allow no more than an additional 270 LWD when fruit are unprotected by fungicide, counting from the first SBFS spray and continuing to harvest. To use this approach, the length of time fungicides are effective must be known. Different fungicides have different effective periods, which Rosenberger (41) categorized in three groups based on time or rainfall from the most recent application: (i) 21 days or 6.4 cm of rainfall, (ii) 21 days or 5.1 cm of rainfall, and (iii) 14 days or 3.8 cm of rainfall.
This SBFS model is based on the hypothesis that inoculum develops on reservoir hosts adjacent to orchards and disseminates to infect fruit. SBFS inoculum is assumed to be negligible in a well-sprayed commercial orchard where SBFS was not present on apple fruit the previous year. Relatively small amounts of inoculum may be dispersed to apple fruit when ascosporic inoculum is released during several weeks near PF but fungicide applications targeting apple scab and powdery mildew prevent the SBFS spores Table 1 . List of major sooty blotch and flyspeck models describing the type of action being recommended, the biofix, the weather parameter used in calculating the threshold, the point at which first signs appear, and the treatment threshold t from establishing colonies on fruit. On reservoir hosts, however, SBFS fungi can develop and produce abundant amounts of inoculum. Rosenberger theorized that the 270 LWD from PF to development of SBFS signs identified in North Carolina reflects the period necessary for SBFS inoculum to develop to economically significant levels on reservoir hosts in the Northeast. After the initial 270 LWD, Rosenberger (43) estimated that an additional 270 LWD is needed for inoculum that lands on fruit to develop signs. Hence, if fruit is unprotected by fungicide after scab applications have stopped, it will take a total of 540 LWD from PF for SBFS signs to develop. At any time when SBFS fungi are present on fruit, growth can be stopped by a fungicide application, but such applications may be fungistatic, not fungicidal (41, 42) . After a given fungicide application is depleted by some combination of rainfall, tissue growth, and oxidative and photochemical breakdown, SBFS fungi apparently resume growth through the incubation period. Once fruit have been unprotected for a total of 540 LWD from PF, SBFS signs appear. Recently, Rosenberger has suggested that, if electronic sensors are used, based on the Hartman/Smigell model, it may be more appropriate to use shorter thresholds of 175 LWD before the first fungicide application followed by a 175 LWD of unprotected fruit (D. A. Rosenberger, personal communication).
Model
Development of a European SB model. Trapman has developed a model to manage SB in organic apple orchards in Europe, using an approach that evaluates risk of infection through the growing season and is a component of the proprietary RIMpro apple pest management decision support system (55) . This model uses a biofix of PF + 10 days and assumes that inoculum originates primarily from within the orchard and is splash dispersed, fungal growth on fruit occurs when wet conditions are measured or RH is >97%, and symptoms first appear at 225 LWD and fully develop after 325 LWD. Growth is adjusted for temperature (29) , and a proportion of spores are assumed to die during dry periods. Wetting is measured electronically. In a preliminary test, post-infection treatments of lime sulfur or coconut soap provided 72 to 100% control (55) .
Delivery of SBFS forecasts. Written recommendations. Users may track weather data and can use written recommendations such as those in The New England Tree Fruit Management Guide (12) . This guide uses a 270 LWD from PF as the threshold for the first SBFS fungicide application.
Spectrum WatchDog and SpecWare. The Spectrum WatchDog weather station is offered with a bundle of pest forecasting software, SpecWare (Spectrum Technologies, Inc., Plainfield, IL). The documentation for the SBFS model in the software package (1) describes the SBFS complex as caused by three pathogens. Apparently the SpecWare model is based on 1996 recommendations made by Jones and Sutton (30) , though there are differences between this source and the model as described in the manual. Jones and Sutton use a biofix of 10 days after PF and the model is used to recommend when the first SBFS fungicide should be applied. The Spectrum model uses a PF biofix and has two infection thresholds, one for "Southern States" at 250 LWD and one for "Northern States" at 300 LWD, although a specific listing of such states is not provided. After a threshold is reached, any 3-h wetting period is considered sufficient for SBFS infection. The 300-LWD threshold is probably based on Jones' interpretation of earlier work done by Rosenberger that suggested that a threshold of 300 LWD could be used with benzimidazole fungicides (41) . Therefore, the SpecWare model is dated, although the first application can safely be delayed until 300 LWD from PF, so long as one recognizes that this approach may allow some establishment of SBFS on apple fruit that must thereafter be suppressed by maintaining an effective fungicide residue on the fruit.
SkyBit. SkyBit estimates weather variables for a specific site based on publically available weather data. Using proprietary algorithms, SkyBit estimates weather at a resolution of 1 km 2 (31) . Users supply SkyBit with the precise latitude, longitude, and elevation of a site and, for a subscription fee, receive information on past weather, weather forecasts, and risk evaluations for various pests based on models. SkyBit does not require maintenance of a weather station on site, and generally performs as well as on-site equipment (22, 38) . The SkyBit SBFS model is based on the Hartman/Smigell model. For purposes of the SBFS model, SkyBit uses a 350-LWD threshold rather than 175 LWD, suggesting that either LWD is overestimated or that the model is designed to allow a longer spray interval after PF on the assumption that SBFS infections that may occur between 175 and 350 LWD from PF will be suppressed by subsequent fungicide applications.
Orchard Radar. Orchard Radar is a web-based pest management system for New England (33) that has been operating since 1997 (Pest Resources Online, New England, University of Maine, Orono). This system uses weather data from SkyBit and, for 10-day predictions, uses SkyBit forecasts. For predictions beyond 10 days, it uses the 30-year averages of historical weather data for a site. Individuals contract with SkyBit to send data to the University of Maine, where it is used in spreadsheet-based integrated pest management (IPM) models. For SBFS, Orchard Radar is based on the Rosenberger model, except that LW data are adjusted for temperature. Other researchers also have suggested that temperature plays a role in SBFS development (56) . Using information on the depletion of fungicide residue from Rosenberger (43) , Orchard Radar provides growers with information on when the protection from that application should be depleted (protection end date) and an estimate of when SBFS signs will first appear if no further fungicides are applied. Three estimates are provided, the first being a worst-case prediction for the wettest 20% of years, the second based on SkyBit and historical average data, and the third a prediction intended to estimate possible timing of SBFS sign appearance on apple fruit grown in small, well-pruned trees on a site with good air movement that is a substantial distance from SBFS reservoir plants.
Network for Environmental and Weather Applications. The Network for Environmental and Weather Applications (NEWA), a collaborative effort of the New York State IPM Program and the Northeast Regional Climate Center at Cornell University, Geneva, NY, delivers IPM information for several crops and obtains weather data from private weather stations and airport weather stations (2) . The NEWA SBFS risk prediction module relies primarily on a simplified Rosenberger model, except that it uses threshold values of 175 LWD from PF rather than 270 LWD, to account for the fact that LW data used by NEWA is largely from electronic LW sensors. NEWA tracks LW from PF and asks growers to input the date of the most recent fungicide application. It then uses time and rainfall to estimate fungicide depletion and assigns three levels of risk (low, moderate, and high) based on LWD from PF and fungicide depletion.
RIMpro. The RIMpro model collects data from weather stations in or immediately adjacent to orchards. Data are processed on location by a personal computer using RIMpro software, and output is shown as risk of infection on a 0-to-1,000 scale, with dates when appearance of SB signs would be expected, with their relative severity. The SB model in RIMpro is being tested in European trials (21) .
Problems associated with measuring LW. The problem of measuring LW has been extensively studied (22, 28, 34, 48, 53) . However, LW has never been quantitatively defined, and its measurement is problematic (37) . In the descriptions above, it is obvious that measurement of LW can be highly variable, depending on the type of instrument used, if any, and where sensors are placed. For example, LWD based on five different sources, including an Onset Hobo U30 weather station (Onset Computer Corp., Pocassett, MA) with the LW threshold set to 40% of full range, the same weather station with the LW threshold set at 100% of full range, a Spectrum weather station with the threshold at 40% of full range, Skybit, and an estimate based on airport weather data using a fuzzy logic algorithm (32) were compared at the University of Massachusetts Cold Spring Orchard Research and Education Center, Belchertown for the period 3 May to 12 June 2010. At this location, by 12 June, the largest estimate of LWD is over two and a half times greater than the smallest (Fig. 1) .
Although the differences are very large, the actual relationship between the different measurements is relatively constant. That infers that the estimates are acceptable as long as they are used with an appropriate model and threshold. For example, a user should not use SkyBit weather data with a threshold developed using a string LW sensor.
In commercial applications, little attention has generally been paid to standardizing the height of an LW sensor above the ground, the direction it should face, or whether it should be placed at a specific angle, though these factors can significantly affect LW measurements (34) . Recently, consensus has built around facing sensors north at a 45° angle relative to level (22) .
The most common recommendation for placement of LW sensors is to take measurements in the canopy of a typical tree in an orchard. However, placing sensors in tree canopies can lead to practical problems because pesticides and other chemicals sprayed in an orchard can corrode the electronics in LW sensors. To avoid damaging sensors and ease access to the instruments, it would be useful to place sensors near but not in the orchard. To standardize environmental data, both researchers and growers should consider rules for placing sensors. For example, in addition to the rules for sensor angle and direction, other considerations might include placement over mowed grass, at least 10 m from any building or other physical features that could inhibit air circulation or effect microclimate. Inconsistency in LW measurement also may occur if sensor wetness thresholds are set too low or too high. Even with standardization in placing and calibrating equipment, there is a great deal of variability between sensors (38) .
LW measurement is so variable that several researchers have recommended using other, more easily obtained variables that are quantitatively defined (22, 37, 38) . However, in one experiment, while accumulating hours with ≥97% RH provided a better forecast of SBFS infections than LWD in the upper midwestern United States, LWD was clearly better than the RH threshold in the southeastern United States (16), indicating that simply substituting RH for LW does not provide the best forecasts in all cases.
Publically available weather information that is used in off-site systems generally does not include LW data; therefore, if LW is needed in a forecast model, it must be estimated based on other available data such as temperature, RH, and wind speed (32) . Such models for determining LW ultimately introduce complexity to forecast models, and it is not clear that they always add substantial value compared with a more readily obtainable variable such as RH or dew-point deficit.
Ultimately, if LW is used regardless of the measurement method used, each specific disease model must use the LW measurement appropriate to it. To take one LW measurement method and apply it to a model developed with a different method will lead to errors. For example, Babadoost et al. (3) applied the Brown/Sutton/ Hartman model and compared on-site weather stations with SkyBit data (not the SkyBit model). Because SkyBit apparently accumulates LW hours faster than on-site equipment, using SkyBit data with the 175-LWD threshold meant that fungicides were applied much sooner on SkyBit-based blocks compared with blocks timed by on-site equipment. Although SkyBit has suggested that their 350 LWD is equivalent to 270 LWD measured by a de Wit monitor or 175 LWD measured by an electronic instrument, to our knowledge, the 350-LWD threshold has not been tested in field trials in conjunction with an appropriate model to determine its performance.
In-field comparison of SBFS models. Given the considerable potential for variability between different models, we compared five models used in the eastern United States to make SBFS recommendations. The comparisons were made by monitoring environmental data at the University of Massachusetts Cold Spring Orchard Research and Education Center, Belchertown, using onsite and remote methods, and using that data in appropriate models to forecast an SBFS treatment threshold. The models included the 270-LWD threshold described in the New England Tree Fruit Guide (12) using data from a Hobo Data Logger with a threshold of 40% of the full range of the LW sensor to indicate "wetness", the SpecWare SBFS model using a Spectrum Watchdog weather station and a 40% response on the LW sensor, the SkyBit SBFS model using SkyBit weather data, the Orchard Radar forecasting system for SBFS, and the Cornell NEWA SBFS model using data from the on-site Hobo station.
Large differences were identified between the various recommendations in terms of the date of the first fungicide application for SBFS (Fig. 2) . The earliest treatment recommendation was 2 June (NEWA/Hobo) and the latest 17 July (SpecWare / Watchdog), a difference of over 6 weeks. The SpecWare recommendation was much later than any other and, if it was excluded, the range of the other four models went from 2 June to 16 June, 2 weeks.
Under normal conditions, the 6-week difference in time would result in one to three fewer fungicide applications for the later treatment recommendation relative to the earlier ones. The 2-week difference might result in one extra fungicide application in the earlier treatment. No treatments were made to test field performance of the models; therefore, no conclusions can be made as to which recommendations were most accurate. However, the differences clearly show that SBFS forecast models need improvement.
Developing improved SBFS models. Errors in SBFS forecasts may occur as the result of errors in collecting weather data, particularly LW, and from misapplying the empirical models used to evaluate that data. The accuracy of SBFS models and all weather-based disease forecasting models may be improved if LW measurement were better standardized, both at the time of model development and when models are implemented by growers. In the case of SBFS, for example, there is a need to confirm whether a 270-LWD threshold is equivalent to a 175-LWD threshold measured on a typical electronic sensor. Researchers have pointed out that there is no single "best" method to acquire weather data for use in disease-warning systems (22) but growers, consultants, and researchers should make a concerted attempt to ensure that data are being applied appropriately; specifically, that environmental measurement methods, particularly for LW, are appropriate to the forecast method used. A better understanding of SBFS epidemiology also would improve forecast models. Specifically, it would be useful to know when inoculum is mature and able to initiate infections on fruit, the environmental conditions that lead to fruit infection (e.g., wetting, high humidity, or temperature), and the amount of time as related to these environmental factors required for infections to develop into signs on fruit. This will probably mean developing separate models for inoculum development and for sign development, just as there are separate models for these processes in apple scab management (19, 36, 51, 52) . Although Rosenberger's model (43) suggests that LWD is related first to inoculum development and later to sign development, the impact of LWD on inoculum development remains unknown.
In North Carolina, SB infections were initiated 10 to 21 days after PF (10) . Bagging studies in the United States have shown that fruit left unprotected by bags for up to several weeks immediately after PF did not develop SBFS (25) (26) (27) . However, other bagging studies have concluded that SBFS fungi can colonize fruit at any time during its development (21) .
The time from putative inoculation to SBFS sign development varies by location and year; in North Carolina (11) at a single site, the first appearance of SBFS signs occurred from 40 to 89 days after PF, depending on the year. In Poland, the incubation period was from 29 to 45 days (24). Rosenberger has observed that development of signs on fruit collected from the field can be accelerated by incubating harvested apple samples in controlled conditions of high humidity (essentially 100%) at normal ambient temperatures (21°C) (44) . For example, one test fruit on trees in the field had 15.5% FS incidence on 31 August, whereas fruit that had been harvested 2 weeks earlier and incubated had 82.5% FS incidence. If sign development depends on high RH, in situ, the length of time from inoculation to sign development would be expected to vary depending on the frequency of periods of high RH. Hence, because humidity and temperature fluctuate outside the optimal ranges for SBFS growth in the field, it generally takes much longer for SBFS signs to show on fruit there than under a continuous regimen of very high RH, though infections are undoubtedly present. In one trial where most fungicide residues were removed in a single rain event in August, Rosenberger (44) noted a rapid increase in FS signs on fruit between 32 and 37 days after the rain. These observations and others support the hypothesis that there is a period of cryptic fungal development for SBFS fungi driven by periods of very high RH (≥95%) (14, 16, 29, 40) .
We have a general understanding of the epidemiology for one of the fungi in the SBFS complex, Schizothyrium pomi (Fig. 3) . Work in Massachusetts has shown that inoculum development is highly correlated with temperature starting at green tip on 'McIntosh' (14) . S. pomi ascospores start to develop near pink bud or bloom at 540 degree-days (base 0°C) and ends approximately 3 to 4 weeks after PF at 1,625 degree-days (14) . Hence, primary inoculum for flyspeck is available well before PF and continues to be available well after PF. In estimating the availability of FS inoculum, PF is not particularly relevant and using it as a biofix is arbitrary. It may be more accurate to use a green-tip biofix coupled with a degreeday-driven model to determine when inoculum is first available.
PF also can be imprecise because it does not occur in a single day but is a process that progresses over several days, from only a few flowers dropping petals to the point at which all flowers have lost their petals. PF is also highly dependent upon cultivar. For example, the original Sutton/Brown model was developed using Golden Delicious but is often applied in the Northeast using the McIntosh, which typically blooms and drops petals from 5 to 7 days before Golden Delicious growing at the same sites. Just as LW data should be appropriate to a specific model, if a PF biofix is used, it should be defined in terms of cultivar and the percentage of petals that have dropped.
Evidence suggests that secondary inoculum-specifically, conidia of the anamorph of S. pomi-may develop on reservoir hosts before fruit formation but that it does not move into orchards and infect until several days to several weeks after fruit set. Flyspeck epidemics from two orchards in Massachusetts are shown in Figure  3 . In this case, the maturity of S. pomi ascospores from thyriothecia on blackberry canes (Rubus allegheniensis) growing next to a commercial orchard was monitored using squash mounts (14) . Rotorod spore samplers (Sampling Technologies, St. Louis Park, MN) adjacent to the blackberry plants were used to sample S. pomi conidia. Apple trees near the blackberry plants were not sprayed with fungicides after PF and were monitored weekly for SBFS signs. Weather data were collected using a Campbell CR10X data logger (Campbell Scientific, Inc., Logan, UT) equipped with a temperature sensor and a painted printed-circuit wetness sensor mounted facing north at an angle 45° from horizontal (6, 34) , located approximately 1.5 m over unmown grass at the edge of each orchard. The sequential pattern in terms of the type of inoculum produced in the epidemics is similar in both instances, with a discrete period of ascospore maturation followed by a period of conidial release, and then appearance of FS signs on fruit. It took 387 and 384 LWD measured from 10 days after McIntosh PF (PF + 10) in 1998 and 1999, respectively, for the first FS signs to appear on fruit. Conidia were first trapped at 327 and 175 LWD PF + 10 in 1998 and 1999, respectively. In both years, conidia were not trapped until ascospore maturation had ended, and FS signs were not observed until FS conidia had been trapped. Similar data led Rosenberger to formulate his SBFS model (43) . The epidemiology of other SBFS fungi remains largely unknown.
Cultivar can influence levels of SBFS on apple fruit (8, 9) . One factor responsible for cultivar differences may be the amount of material that leaches from fruit through epicuticular waxes. This hypothesis is supported by the finding that growth of SBFS fungi is stimulated by increases in fructose and sucrose on the surface of apple fruit (59) or when apple juice is included in in vitro cultures (7, 8) . Cultivars also differ in their retention of nondeveloping fruitlets, so-called mummies, and it has been suggested that these mummies can serve as a significant source of SBFS inoculum (21) . The time it takes fruit to mature also indirectly influences SBFS incidence. In replicated plantings of 45 apple cultivars in Massachusetts, New York, and Virginia, cultivars harvested earlier in the year tended to develop less SBFS than cultivars harvested later, presumably because the apple fruit that were harvested earlier did not have sufficient time in the orchard to develop signs (9) . Within this study, Rosenberger controlled for harvest date and showed that significant cultivar differences still occurred (Table 2) . For these reasons, it may be worth including cultivar as a variable in SBFS forecast models.
Tree architecture, distance to inoculum sources, and other physical factors in orchards can affect SBFS development (17, 57) . In nonsprayed, fully dwarf apple trees in well-maintained orchards that are not near reservoir hosts in Ohio, SBFS signs did not develop until over 450 LWD, while larger trees with dense canopies growing near inoculum sources developed SBFS between 225 and 241 LWD (17) . Differences in canopy density generate differences in microclimate (13) but these would not be reflected by weather sensors placed outside the canopy (6,13). The relationship of SBFS incidence to orchard site factors, such as distance to reservoir hosts, the slope of the orchard site, and the amount of flyspeck observed on reservoir hosts adjacent to the orchard, has been studied (57) . However, the coefficient of determination (r 2 ) between individual site factors and SBFS on apple fruit, while sometimes significant, has never been large, usually in the range 0.10 to 0.20. Thus, although orchard site factors probably play a role in determining SBFS incidence, these variables appear to be much less important than meteorological variables.
Additional studies may help to better define the critical points in SBFS epidemiology, determining whether LWD is the primary environmental driver of SBFS epidemics or whether another, more easily obtained variable, such as RH might be sufficiently predictive, or whether a biofix other than PF (or a set number of days thereafter) is more accurate. However, the SBFS complex is large, species composition varies from region to region (15) , and the primary and secondary inoculum of many of the fungi in the com- plex are not as readily identified as that of S. pomi. Perhaps molecular methods will allow rapid and precise identification of these fungi in situ and on spore traps. Probably the development of different SBFS species varies, meaning that developing models that adequately describe inoculum development, fruit infection, and sign development for all fungal species of commercial importance in the complex may be problematic.
In conclusion, development of more accurate SBFS forecast models will depend on several factors. First, collection of meteorological data, particularly wetting and humidity data, will need to be standardized and done in a way that reflects its collection and use in commercial situations. The existence of problems with using LWD as the key forecast variable indicates that other variables, such as RH, temperature, and dew point deficit, should be considered. Additionally, although the development of S. pomi on reservoir hosts is reasonably well understood (14) , the survival, dispersal, and development of other important fungi in the SBFS complex may need to be better defined in order to develop more effective forecast models. The impacts of different fungicides on these varied species should be determined in order to use fungicides optimally. Finally, differences in tree architecture, orchard sites, and, perhaps, cultivar need to be considered in more effective models. Existing models enable growers to reduce SBFS fungicide applications but may fail (3, 16) . They predict sign appearance but most do not predict SBFS incidence or severity, or employ an economic threshold, all important concepts in IPM and, hence, valuable to producers making decisions based on expected economic outcomes. Improving SBFS forecasts in the ways suggested here should significantly reduce the frequency of failures and may, perhaps, provide even more savings in fungicide use.
